4A3385).
Introduction
Many studies have attempted to characterize the cells that constitute the marrow stroma of murine long-term bone marrow cultures (LTBMCs). Approaches employed have included the use of specific enzymes (alkaline phosphatase, acid phosphatase, esterases), functional tests (phagocytosis), specific monoclonal antibodies (MAbs) against surface antigens [F4/80 for macrophages (I), H513E3 for endothelial cells (2) (3) (4) ], antibodies against cell-specific products [anti-collagen Types I and 111 for fibroblastoid cells (5,6), anti-von Willebrand factor antigen for endothelial cells (5, 7) ], lectins against specific sugars on cell membranes [Bandeiraea simp/icifo/ia lectin I isolectin B4 (5,7)], and electron microscopy (8) (9) (10) . Other investigations have studied the properties of purified populations of cells obtained by the addition of specific growth factors or the use of subculture techniques (5-7,ll) . Careful morphological characterization of the intact marrow stroma has been hampered by the need to culture in plastic flasks, which are not amenable to adequate fixation, staining, clearing, and mounting. A reproducible classification of stromal cell types in established, hematopoietically active LTBMCs by light microscopy should greatly facilitate the study of the stromal regulation of hematopoiesis and the stromal response to perturbations in the rat of hematopoiesis. In this study we standardized a method to culture LTBMCs in glass flaskettes. This approach allowed the development of reproducible morphological criteria for the various cell types found in an intact marrow stroma and permitted the quantitation of their number from the fourth to the ninth week of culture. 1:28 with buffered water (water:SPB 5:l) for 12 min, followed by a rinse with buffered water. The stromal layers were air-dried, cleared with xylene, and mounted with Eukitt (Calibrated Instruments; Hawthorne, NY). The stained stromal layers were examined with an Olympus BH-2 microscope with fluorescence attachment. Photographs were taken with the PM-10 ADS Olympus Automatic Photomicrographic System. Ektar 25 film was used for color prints.
Materials and Methods
Animals. Two-to 3-month-old C57BL/6 female mice were purchased from the Charles River Laboratory (Wilmington, MA). Before study the mice were maintained for at least 4 weeks in our laboratory to minimize travel and recaging stress. They were fed a standard rodent chow and water ad libitum. The mice were sacrificed by cervical dislocation under CO2 anesthesia, and marrow from the femurs and tibias was flushed with the alpha modification of Eagle's medium (a-medium; Flow Laboratory, McClean, VA) contained in a 1-ml syringe fitted with a 23-gauge needle. After preparing single-cell suspensions, cell counts were determined with a model ZF Coulter Counter (Coulter Electronics; Hialeah, FL). Their viability was assessed to be greater than 95 % by trypan blue exclusion staining.
Long-term Bone Marrow Culture. The marrow was cultured in sterile flaskettes that consisted of a glass slide (2.6 x 7.6 cm) covered by a removable plastic chamber (No. 177452/4820; Nunc, Naperville, IL). To prevent leaking, the chambers were sealed with Elmer's Stix-All Hi-Tech Adhesive (available in hardware stores) at least 18 hr before use. The method employed for LTBMCs was similar to that initially described by Dexter et al. (12) and subsequently modified by Mauch et al. (13) . To each flaskette with 10-cm2 culture surface, 8 x lo6 bone marrow cells were added in a total volume of 4 ml culture medium consisting of 25 % pre-tested horse serum (Whittacker Bioproducts Walkersville, MD, or Hazelton Biologics, Lenexa, U). 10% hydrocortisone hemisuccinate (10" M final concentration); (Sigma; St Louis, MO) and 65% a-medium. Cultures were incubated in a water-jacketed incubator at 33°C in an atmosphere containing 5% CO2 in humidified air. At weekly intervals the cultures were fed by replacing 60% of the supernatant with fresh culture condition medium formulated as described above and 40% of cell-free medium just harvested from the flaskettes. The weekly total cell counts in the supernatant were determined by Coulter Counter (Model ZF, threshold setting 10-20.5 km).
Fibroblast and Endothelial cell Cultures. Human skin fibroblasts [cell strain A25 provided by S. Goldstein, Little Rock, AR (14) ] were cultured in T-25 flasks containing a-MEM and 10% FBS (Sigma Cell Culture Reagents; St Louis, MO). At weekly intervals the cultures were fed by replacing 50% of the supernatant with fresh culture medium. For staining the fibroblasts were cultured in glass flaskettes.
Pooled primary cultures of human arterial endothelial cells were purchased from Cell Systems Corporation (Kirkland, WA). These cells were cultured according to the company's recommendation in CS-3.0 arterial endothelial cell medium. During the proliferating phase, the total culture medium was changed every second day. Cell passage was performed using CS-TrypsinlEDTA solution (Cell Systems) followed by CS-Trypsin Inhibitor solution. The removed cells were inoculated in flaskettes pre-treated with CS-AF attachment factor (Cell Systems) and incubated at 37°C in a humidified 5 % CO2 atmosphere.
Fixation and Staining of Stromal Layer. At indicated times after initiation of the cultures, the supernatants were removed and the glass slides were detached from the plastic chambers. The adherent layers were washed in 0.1 M PBS, pH 7.2 for 2 min. then fixed in absolute methanol for 10 min at room temperature (RT), rehydrated in a special phosphate buffer (SPB 1.66 g KH2P04, 0.75 g NA2HP04 + 7H20 per 1 liter H20, pH 6.8) for 2 min, and stained with May-Griinwald stain (Sigma Diagnostics: St Louis, MO) diluted 1:1 with SPB for 3 min. After washing in SPB for 30 sec, the stainingwas completed with Giemsa (Sigma Diagnostics), diluted Specific Characterization of Stromal Cell Types. Characterization of fibroblastoid cells was performed by using goat anti-Type I and -Type I11 collagen antibodies against humanlbovine collagen (Southern Biotechnology; Birmingham, AL) with crossreactivity against murine types (5) . The glass slides were washed in 10 mM PBS, pH 7.2, for 1 min and fixed in absolute methanol for 10 min at 4°C. The fixed stroma was washed twice in PBS for 30 sec and then blocked with 10% normal goat serum (Vector Labs; Burlingame, CA) for 30 min. After blotting excess PBS/serum from the slides, the stromawas incubated with the biotin-labeled antibody goat antihumanlbovine collagen Type I or 111 at a dilution of 1:SO (10 pg/ml) in PBSll% bovine serum albumin (BSA, Fraction V; Sigma) for 3 hr at RT. In parallel, control cultures were incubated with only PBS/1% BSA or with unlabeled pre-immune goat IgG 10 pglml (Southern Biotechnology). After rinsing and washing the slides in PBS with constant agitation for a total of 30 min, samples were covered with 1:lOO diluted streptavidin-gold (AuroProbe; Amersham, Arlington Heights, IL) in PBS/O.1% BSA and incubated for 1 hr at RT in a humidified chamber in the dark. After three washes in distilled water, the slides were exposed to silver enhancement solution (IntenSE; Amersham) for 15-18 min. During this time the slides were monitored microscopically to optimize staining time. They were counterstained with 1:28 diluted Giemsa at pH 6.8, air-dried, cleared with xylene, and mounted with Eukitt.
The presence of the von Willebrand factor (vWf) antigen and positivity for the Bandeiraea (grzffonia) simplicifoliu lectin I isolectin B4 (BSL I-B4) were used to identify endothelial cells. The vWf antigen was detected employing a modification of the method developed by Penn et al. (5) . The adherent stromal layer was rinsed in 10 mM PBS, pH 7.2, and fixed with absolute methanol for 10 min at 4°C. The fixed stroma was blocked with 10% normal goat serum for 30 min at RT. During the next 3 hr the stroma was incubated with a mouse MAb (IgGIK) to human vWf (Boehringer Mannheim; Indianapolis, IN) at a concentration of 10 pg/ml in PBS and 1% BSA. In parallel, control cultures were incubated with only PBS/BAS or with unlabeled pre-immune mouse IgG 10 pglml (Southern Biotechnology). After washing the cells for 20 min in PBS, the stromal layer was incubated for 2 hr in the secondary antibody, biotin-conjugated F ab')^ fragment goat anti-mouse IgG (Boehringer Mannheim), at a 1:250 dilution in PBSll% BSA. After washing in PBS for 30 min, the stromal layer was incubated with streptavidin-gold (1:lOO) for 1 hr at RT in the dark, enhanced with silver solution. and then counterstained with Giemsa.
A modification of the method described by Fei et al. (7) was used to identify the binding of BSL I-B4 (Vector) on endothelial cells. The stromal layers were washed in 10 mM PBS, pH 7.2. and then fixed in absolute methanol at 4'C for 10 min. After rehydration, the cells were incubated for 2 hr in biotinylated BSL I-B4 at a concentration of 15 kg/ml in PBS containing Ca2+ and Mg*'ll% BSA. In parallel, control cultures were incubated with only PBS/BSA or with the addition of 10 mM methyl-a-Dgalactopyranoside (15). After a rinse in PBS for 30 min, the labeled cells were exposed to a 1:50 dilution of fluorescein-avidin D (Vector) in PBS, pH 8.2, for 30 min at RT in the dark, or were incubated with streptavidin-gold (1:100), followed by silver enhancement and counterstaining.
The MAb F4/80 was used to identify macrophages as follows. The glass slides were washed in 10 mM PBS, pH 7.2, for 1 min and fixed in absolute methanol for 5 min at 4°C. The fixed stroma was washed twice in PBS, pH 7.2, for 30 sec and then blocked with 10% normal rabbit serum (Vec-tor) for 10 min. After blotting excess PBSIserum from slides, the stroma was incubated with the rat MAb IgG2b to mature mouse macrophage F4/80 (CI: A3-1) antigen (Serotec: Oxford, UK) at a dilution of 1:lOO in PBS/l% BSA for 1 hr at RT. In parallel, control cultures were incubated with only PBSlBSA or with unlabeled pre-immune rat IgG 10 pg/ml (Southern Biotechnology). After washing the slides with PBS for 10 min, they were incubated with biotinylated monoclonal rabbit anti-rat IgG antibody (Vector) at a 1:150 dilution for 30 min and then washed in PBS for 10 min. Labeled cells were detected by incubation with streptavidin-gold (1:lOO) and were enhanced with silver solution. The slides were counterstained with Giemsa, air-dried, cleared, and mounted.
Stromal Cell Differential Count. After characterizing the morphology of the various stromal cell types, their percentages in the stroma were determined by performing 1000 cell differential counts on each slide. Cells were systematically counted using a x 40 or x 100 objective in areas that were at 5-mm distances from each other. If the adherent layer was too thick to recognize single cells, the nearest countable area was used.
Determination of Absolute Stromal Cell Number. After washing in PBS. pH 7.2, at RT, the adherent cells were mobilized by exposure to0.25% trypsin/O.l% EDTA (Sigma). After 5 min. the trypsinization was neutralized by addition of FBS and cell clumping was prevented by the addition of 2 x 10' U/ml DNASE I (Calbiochem: LaJolla. CA). The recovered cells were suspended in PBS/2% FBS and the absolute cell count determined with a Coulter counter (threshold setting 10-20.5 pm). The percentage of stromal cells in the mobilized adherent layer was determined in stained cytospin preparations. Mobilizing the stromal cells with trypsin destroyed fat-containing cells that were rarely recognizable on morphological evaluation of appropriately stained cytospin preparations. For this reason, the total cell count determined by Coulter counter was corrected by increasing the total to include the percentage of fat-containing cells present in differential counts of intact stroma.
Statistics. All values reported are mean f SEM. Data were compared using the Student's independent t-test and the Pearsons' correlation coefficient to identify significant differences: p values of <0.05 were considered significant.
Results
The producer of the flaskettes guarantees leak-free culturing up to 14 days. Four weeks after culture initiation, up to 60% of flaskenes of some lots leaked at the interface of the glass slide and the removable plastic chamber. Long-term culturing of bone marrow demands special properties of a glue, such as nontoxicity, resistance to humidity, warm temperatures, connection of glass and plastic, and the plastic chamber should still be removable without breaking the glass. A series of different glues was tested. The commercially available Elmer's Stk-All Hi-Tech Adhesive met the necessary requirements, if applied to the flaskettes at least 18 hr before use.
The macroscopic appearance of LTBMC stroma in glass slides was similar to the appearance seen in plastic flasks. No obvious changes from the fourth to the ninth week of culture were noted in the typical macroscopic appearance of fixed and stained stroma of functionally intact LTBMC. Figure 1 demonstrates that stromal cells form multilayered cord-like structures that surround central empty spaces. Within these cords, dense hematopoietically active areas could be readily identified. The macroscopic appearance of the stromal layer showed variations in density with different batches of horse serum. However, the morphological characteristics of the stromal cell types did not differ with the varying horse serum batches. 
Cytochemical markers for the stromal cell types in LTBMCs and in human skin fibroblasts and arterial endothelial cells

Marker Fibroblastoid
Human skin Endothelial Endothelial cells (LTBMC) fibroblasts cells (LTBMC) cells (human) Macrophages
Anti-collagen
Type I11 Anti-vWf Table 1 ).
Endothelial cells were small, round to elliptoid, and occasionally appeared spindle-shaped. The nucleus was largely round, with dense chromatin, fine nucleoli, and basophilic cytoplasm with occasional small vacuoles. Staining was positive for vWf antigen and for BSL I-B4 but was negative for collagen Types I and 111 and for antigen F4/80 (Figures 2 and 3 ; Table 1 ).
Fat-containing cells were large cells and contained multiple small or one large fat vacuole that indented a dense ovaloid nucleus (Figure 2) . These cells demonstrated nonspecific positive staining for most cell markers examined in this study. False-positive fatcontaining cells were frequently seen in the negative controls.
Macrophages were positive for the F4/80 antigen ( Figure 2E ; Table 1 ). They were also weakly positive for BSL I-B4 when the fluorescein-avidin D method was employed ( Figure 3C ). They varied widely in shape from spindle-shaped and stellate to triangular and polygonal forms. Their cytoplasm was basophilic and the nucleus was eccentric, dense, and euchromatic, occasionally binucleated. Some macrophages appeared flat and spread out. In these cells the nucleus had an ovaloid shape, was less dense, and contained two or three prominent nucleoli.
The intact function of the stroma is represented by the myeloid cell production in the supernatant ( Table 2) . Over the studied time, the cell counts were constant. After a peak cell count at Week 5 with 3.24 x lo6 cellslflaskette, the tendency to decreased cell production was not significant. The total number of marrow stromal cells was maximal at Week 5 , remaining relatively constant until week 8 (Tweek4-8 = -0.743), after which time a significant decrease (p < 0.05) was noted ( Table   2 ). Between Weeks 4 and 9 the percentage of fibroblastoid and endothelial cells and the absolute number of endothelial cells remained constant ( Table 3 ). Significant decreases in absolute number of fibroblastoid cells (p < 0.05), fat-containing cells (p < 0.02), and macrophages (p < 0.05) were seen between the eighth and ninth weeks. The percentage of fat-containing cells decreased significantly over the observed time period. In contrast, the percentage of macrophages significantly increased between Weeks 4 and 9.
Discussion
Before the generation of hematopoietic cells in LTBMCs, a marrow stroma with unique structural and morphological characteristics must first form. This stroma is believed to be essential for normal proliferation of hematopoietic stem and progenitor cells and to be involved in the regulation of hematopoietic cell production and differentiation (9, 1649) . Although the functional and morphological characteristics of purified populations of stromal cells have been reported, few studies have microscopically described, characterized, and quantitated the various cell types that comprise a hematopoietically active intact marrow stroma. The problem is compounded by the hypothesis that bone marrow stromal cells are most likely derived from common primitive mesenchymal cells and hence are related (20). Under defined culture conditions, the subpopulation of CD34', HLA-DR, and CD38, mesenchymal stem cells from human fetal bone marrow were able to differentiate into fibroblast, adipocytes, smooth muscle cells, endothelial cells, and chondrocytes/osteoblasts (20). It has been reported that different culture conditions influence the histological appearance of the stroma and cell morphology (5) and the expression of cells markers (21). Furthermore, heterogeneity may be increased by varying degrees of maturation and daerentiation of an individual cell type. These could explain the lack of uniformity in describing cell types in the LTBMCs.
In this study we have defined the morphological characteristics of the marrow stroma developed on glass slides. Many studies have demonstrated the importance of a supportive horse serum in the development of an adequate LTBMC (12, 22) . Even among adequate horse sera that yield acceptable numbers of supernatant cells, the density of the stromal layer demonstrated a great deal of variability. Although this affected the total number of myeloid cells produced, it did not alter stromal cell morphology.
We were able, in an intact stroma, to confirm the presence of Table 3 . four stromal cell types previously reported by others (4,5,8-10~2, 16-19,23,24). The criteria that we used included the morphology after fixation and staining of the adherent cells and immunocytochemically detected cell-specific markers. Fibroblastoid cells have unique morphological characteristics and probably correspond to the reticular cells that have been described in the marrow in vivo (19,25). They frequently show the typical morphological characteristics of "blanket cells'' (18, 19) . The stromal precursors of the fibroblastoid and fat-containing cells are known to stain positively for alkaline phosphatase (19). Allen and Dexter (19) reported that 2 weeks after culture initiation about 30% of stromal cells are alkaline phosphatase-positive, whereas after 6 weeks less than 1.5 % are positive. This suggests that alkaline phosphatase positivity varies over time with fibroblastoid cell differentiation and maturation and hence is not a useful marker for this cell type in established ITBMCs. Additional characteristics for fibroblastoid cells that have been reported in purified cell lines include the inability to phagocytose dynabeads and negativity for acid phosphatase, vWf antigen, and BSL I-B4 (7.26) . These cells are capable of producing collagen Types I and 111 and fibronectin (16, 18, 26, 27) . In the literature, the association between collagen IV and different cell types is controversial. Penn et al. (5) described that collagen IV was only associated with myofibroblast cells. whereas Perkins and F l e d m a n (24) found endothelium-like cells synthesizing collagen Type IV and laminin in their IXMBC system using chimeric mice (6.24). Furthermore, these authors stimulated the stroma with interferon-ap before testing for lineage-specific cell markers. The controversy in the literature concerning specific markers and identity of the largest stromal cell type may be based on different culture conditions. However, the specific reasons for his discrepancy are not clear to us. We utilized antibodies against cytoplasmic collagen Types I and I11 to classlfy cells as fibroblastoid cells. They stained negatively for vWf antigen, BSL I-B4 lectin, and F4/80 antigen. Although typical morphological criteria could be identified for fibroblastoid cells, a great range of variation was noted that probably reflected various degrees of cell differentiation and maturation.
Total and dzffeerential counts of the four stromal cell types in LTBMC at various weeks afer initiation
In human tissue, the classic ultrastructural markers to identlfy vascular endothelial cells are the rod-shaped, microtubulated Weibel-Palade bodies, in which the large disulfide-linked multhers of vWf antigen are stored (28) . Despite an intensive search, Weibel-Palade bodies have not been identified in either normal or malignant mouse tissue (29) . Recently, pure populations of endothelial cells from mouse bone marrow cells have been cultured by a positive selection technique (7) . Morphologically, these cells had a uniformly rounded shape, with an average cell radius of 16 pm, and cytoplasm containing many vacuoles. The cells stained positively for acid phosphatase, vWf antigen, and the lectins Ulex europaeus agglutinin I (LJEA-I) and BSL LB4. They were negative for alkaline phosphatase (5, 7) . Cytologically, the endothelial cells that we describe in intact LTBMCs had similar morphological characteristics to these cell lines described above (5, 7) and stained positively for vWf antigen and the lectin BSL I-B4. Fei et al. (7) observed that macrophages showed an affinity of the lectin LJEA-I. Because the adherent layer of the LTBMC contains macrophages, we used only the more specific isolectin BSL LB4, which detects a-D-&actopyranosyl groups (15).
Hasthorpe et al. (2) (3) (4) have recently described a monoclonal antibody, MAb H513E3, to an antigen that occurs specifically on endothelial cell surfaces. The morphology of the stromal cell types that were positive for this cell surface marker corresponded to blanket cells (4) and more closely resembled the morphology of our fibroblastoid cells. The reason for this discrepancy is not clear to us.
The fat-containing cells have the most easily identifiable morphological features. They are large and contain either a single large or several smaller fat vacuoles. However, there is evidence indicating that the presence of-fat is not sufficient to characterize a cell as an adipocyte (30) . From a practical point of view, however, there is no other useful marker available for this cell type. Fat-containing cells stained positively with virtually all the immunocytochemistry makers that we used in this study. This staining was nonspecific, as positivity was also noted when negative controls were used. Control negative stainings were performed with PBSlBSA alone or with unlabeled pre-immune IgG from the same species in which the biotinylated primary antibody was produced. For the lectin BSL LB4, preincubation with the specific hapten sugar methyl-a-Dgalactopyranoside was employed as a negative control. Fat-containing cells were virtually absent in histological preparations of marrow recently obtained from mouse femur and tibia. In JXBMCs they appeared after 2-4 weeks of culture, depending on the batch of horse serum employed. Several studies have shown them to be closely related or derived from the same stromal precursor as the fibroblastoid cells (31, 32) . Explanted, disaggregated bone marrow adipose cells of rabbits attain fibroblastic appearance after 1s days of culture (31) . The bone marrow stromal cell line BMS2, reported by Gimble et al. (32) , initially displays a fibroblast morphology in culture and retains this appearance if passaged frequently. The addition of lo-' M hydrocortisone to the pre-adipocyte BMS2 cells accelerated adipogenesis. The cytokines IL1, TNF, and TGFP act as antagonists to adipogenesis in these cells (33) . The expression of M-CSF mRNA and IL6 mRNA in an inducible manner was similar in the pre-adipocytes and adipocytes BMS2 (32) . These observations strongly suggest that the fat-containing cells are an active part of a complex interacting network of cells in the bone marrow stroma.
We assign macrophages to the category of stromal cells because they are mesoderm-derived and in the LTBMCs are virtually exclusively found in the stromal cell layer. MAb F4/80 is a mouse macrophage-specific membrane marker for a glycoprotein with an apparent Mr of 150 KD (1, 34) . The macrophage progenitors (CFU-M in cultures) lack the F4/80 antigen, whereas macrophages in formed colonies are positive. The adherent macrophages expressed high level of F4/80 antigen (35) . The MAb F4/80-positive cells were polygonal, stellate, and occasionally bipolar. They stained negatively for collagen Types I and 111, the vWf antigen, and the lectin BSL I-B4 employing the streptavidin-gold method with silver enhancement. However, macrophages occasionally showed weak positivity with the lectin BSL I-B4 by the fluorescein-avidin D method. It remains unclear whether the streptavidin-gold procedure is less sensitive than the fluorescein-avidin D method for whether the latter is less specific. Penn et al. (5) reported that the positivity of macrophages for BSL I-B4 depended on the GM-CSF concentration added to the subcultures. A recent report showed that thioglycolate-elicited peritoneal mouse macrophages, but not resident peritoneal macrophages, bound the lectin B. simplicifolia isotype I-B4 (21). The a-naphthyl-butyrate and acetate esterases are frequently used as specific makers for macrophages. In JXBMCs these could not be employed, as fat-containing cells are also strongly positive for these enzymes.
The significant decrease of the total stromal cell number between Weeks 8 and 9 was due to a significant decrease in fibroblastoid cells, fat-containing cells, and macrophages. The explanation for this decline may well be related to the fact that in older cultures the stroma forms more three-dimensional bands and cords. This may result in a reduced cell contact to the glass surface and a greater tendency to become non-adherent. However, myeloid cell production per flaskette, as an index of LTBMC function, did not decrease significantly over the fourth to ninth week of study (Table 2) .
This morphological classification of stromal cell types in established, hematopoietically active LTBMCs by light microscopy will greatly facilitate the study of the regulatory role of the marrow stroma in hematopoiesis. Despite the high level of complexity and heterogeneity of the stromal cells in ITMBCs, we have been able to develop a reproducible classification of cell types that enabled us to study the effects of myelotoxic drugs on the stroma (manuscript submitted for publication). These results set the stage for future studies to elucidate the contribution of individual stromal cell types to normal stromal cell function and the response of the hematopoietic microenvironment to external events.
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